Objective-To examine pathogens and other characteristics associated with late-onset bloodstream infections (BSI) in infants with intestinal failure (IF) as a consequence of necrotizing enterocolitis (NEC).
and duration on PN (0, 1, ≥2 infections; median stay (days): 172, 188, 260, p=0.06 ; median days on PN: 90, 112, 115, p=0.003) , and the proportion who achieved full feeds during hospitalization decreased (87%, 67%, 50%, p=0.03).
Conclusion-Recurrent
BSIs are common in VLBW infants with IF. Gram positive bacteria were most commonly identified in these infants.
Keywords
Short bowel syndrome; Bloodstream infections; Late onset sepsis; Very low birth weight; Nutrition; Intestinal failure Bloodstream infections (BSI) are associated with increased morbidity and mortality in infants with short bowel syndrome (SBS) and intestinal failure (IF) [1] . Very low birth weight (VLBW) infants (defined as birth weight ≤ 1500g) are at increased risk for surgical SBS and subsequent intestinal failure (IF) because of their greater risk of developing necrotizing enterocolitis (NEC) and other predisposing surgical conditions [2, 3] . The incidence of surgical SBS among VLBW infants enrolled in the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) Neonatal Research Network (NRN) registry was 0.7% (7/1,000) [2] . Sepsis and complications of NEC were the most commonly reported causes of death among these infants. Recurrent hospitalizations (the majority of which are associated with infections) are a significant contributor to the high direct cost associated with the management of children with SBS and IF [2, 4] . Late onset sepsis (LOS) and NEC are both associated with an increased risk of adverse neurodevelopmental outcomes [5] . Furthermore, infants with SBS and associated IF are more likely to have growth failure, which has also been associated with poor neurodevelopmental outcomes. Data on the organisms responsible for BSI in infants with IF are limited. The relationship between recurrent BSI in these infants and duration of parenteral nutrition (PN) and length of hospitalization remains unclear. This study was undertaken to examine the frequency of culture confirmed BSI and associated pathogens in infants with IF compared with children with surgical NEC (NEC managed surgically that did not result in IF) and medical NEC (NEC managed medically without surgery). We also evaluated associations between recurrent BSI and the duration of PN, time to achieve full feeds, and length of hospitalization among infants with IF.
Methods
The NRN, a consortium of academic neonatal centers within the United States, maintains a data registry of VLBW infants [2] . Infants born between January 1, 2002 and June 30, 2005 , who were enrolled in the registry and had a diagnosis of NEC were the focus of this analysis. Surviving infants with birth weights 401-1000 grams were also eligible for a comprehensive follow-up assessment at 18-22 months corrected age. The institutional review board (IRB) at each of the centers approved participation in the registry and followup studies. Written informed consent was obtained from parents/legal guardians for followup at all centers. The registry includes maternal and delivery information collected soon after birth and infant data collected prospectively from birth until death, hospital discharge, or up to 120 days [2, 6] . Infants who are still in the hospital at 120 days are followed for final status (death, discharge, transfer) until one year of age.
For this analysis, IF was recorded if an infant with NEC had gastrointestinal surgery that resulted in PN dependence greater than 6 weeks duration [2, 7, 8] . Data regarding the length of bowel resected, length of remaining bowel or percentage of bowel resected were not documented in the registry. NEC was defined as modified Bell's stage IIA or greater [9] . Late-onset BSI were defined by a blood culture positive for bacteria or fungi from a sample taken more than 72 hours after birth and treatment with antibiotics for ≥ 5 days. Blood samples were obtained from peripheral vessels or catheters inserted into peripheral or centrally located vessels. Infecting pathogen(s) and date of each positive culture treated for ≥ 5 days were recorded. Infants with positive cultures and intent to treat for 5 or more days who died before day 5 of therapy were also considered to have BSI.
Ten infants with IF without a diagnosis of NEC were excluded from analysis (6 infants with a spontaneous intestinal perforation, 2 infants with surgery for a birth defect and 2 infants with volvulus). The NRN did not record surgery dates. Therefore, date of NEC diagnosis was used as the diagnosis/onset date for most infants with IF, surgical NEC without IF, and medical NEC. In a few cases, date of first spontaneous intestinal perforation was used if earlier than the NEC diagnosis date or if the NEC date was unavailable. BSI were classified as occurring prior to diagnosis (8 or more days before the diagnosis date), at the time of diagnosis (± 7 days around the diagnosis date), or after diagnosis (8 or more days after the diagnosis date). Positive blood cultures taken 0-4 days apart were considered part of the same episode, either one episode with multiple pathogens (if >1 organism was found on a single blood culture, or different organisms were found on repeat cultures) or one episode with a single pathogen (one culture with a single pathogen or repeat cultures 0-4 days with the same pathogen). In cases where a repeat culture positive for coagulase negative staphylococcus (CoNS) was taken 0-4 days after a culture positive for a non-CoNS organism, CoNS was considered to be a contaminant and the infection was considered one episode with the single non-CoNS pathogen. Positive blood cultures taken ≥ 5 days apart were considered indicative of different episodes [10] .
Information collected at the 18-22 month follow-up assessment included the child's medical history, weight, length, and head circumference. These growth parameters were each classified as below or above the 10 th percentile for sex and corrected age using standard Centers for Disease Control and Prevention growth charts [11] .
Statistical analysis
Incidence of BSI and infecting pathogens were compared among infants with IF, surgical NEC, and medical NEC. Among infants with IF, clinical, nutritional (days on parenteral nutrition, age of initiating enteral feeds, age when full enteral feeds were achieved) and growth outcomes were compared between those with no infections after diagnosis, 1 infection and >1 infection. Additionally, these outcomes were compared by pathogen group for infants with IF who had at least one BSI after the diagnosis. Each infant was classified into one pathogen group only with the groups defined as: CoNS-single or multiple episodes involving CoNS only; other gram positive-one or more episodes involving nonCoNS gram positive organisms or one or more episodes involving both CoNS and nonCoNS gram positive organisms; gram negative-one or more episodes involving gram negative organisms only; fungal-one or more episodes involving fungal organisms only; combinations-more than one episode involving pathogens of different types (gram positive, gram negative, fungal) or polymicrobial infections involving pathogens of different types (1 blood culture with at least 2 organisms of different types).
Statistical significance for unadjusted comparisons between groups was determined by the Cochran-Mantel-Haenszel row mean score chi-square test for ordinal outcomes, by Fisher exact or chi-square tests for categorical variables and Kruskal-Wallis tests for continuous variables. Median length of hospital stay was estimated using Kaplan-Meier curves for time from birth to discharge, with deaths treated as censored observations and significance between groups determined by the log rank test.
Results
After excluding infants without a diagnosis of NEC (10 infants) and missing data (8 infants), 932 infants were included in the analysis: IF, n=78; surgical NEC without IF, n=452; medical NEC, n=402. NEC diagnosis date was used to determine timing of BSI for 922 (99%) infants and date of spontaneous intestinal perforation for 10. Among the subset of infants with IF, the NEC date was used as the diagnosis date for 75 infants (96%) and date of first spontaneous intestinal perforation for 3 (4%).
Number of Infections: Infants with IF and/or NEC
NEC was diagnosed within 7 days of birth for 128 (14%) of the 932 infants studied. Among the remaining 804 infants, the percent who had at least one BSI more than 7 days prior to NEC diagnosis was not significantly different in infants with IF compared with those with surgical NEC (p=0.5) or with medical NEC (p=0.6). In each group, most infants (~80%) had no culture proven infection prior to diagnosis and 20% had 1-3 infections. The percent of infants with an infection around the time of diagnosis (± 7 days) could be examined among all 932 infants. The proportion of these infants with one or more infections at the time of diagnosis was higher among infants with IF compared with surgical NEC (45% vs. 33%, p=0.04) and medical NEC (45% vs. 20%, p<0.001) ( Table I ).
The mortality rate varied across the groups (IF: 20%, surgical NEC: 53%, medical NEC: 19%) with death occurring earlier among infants with surgical NEC [2] . Accordingly, final study status was reached within 7 days of NEC diagnosis for 204 (22%) of the 932 infants, a majority of whom had surgical NEC (surgical NEC -160 died within 7 days of diagnosis; medical NEC -43 died, 1 was recorded as being discharged home). Among the 738 infants alive and in the hospital > 7 days after NEC diagnosis, the proportion with one or more BSI occurring 8 or more days after diagnosis was higher among infants with subsequent IF compared with infants with surgical NEC (60% vs. 42%, p=0.007) or medical NEC (60% vs. 20%, p<0.001) ( Table I) . Timing of infection varied between the groups. Among infants remaining in the hospital > 30 days the proportion with a BSI > 30 days after diagnosis was higher in those with IF (52%) compared with surgical NEC (32%, p=0.002) or medical NEC (10%, p<0.001). Due to concerns that some infants who died soon after diagnosis did not survive long enough to develop an infection, analyses were repeated among the subset who survived to discharge. Comparisons on number and timing of infections after diagnosis in this subgroup of survivors were similar to those in the larger cohort (data not shown).
Among the 619 infants with birth weight 401-1000 grams, BSI results were similar to those in the complete cohort. The percent of infants with an infection prior to NEC diagnosis was not significantly different in the three groups. A greater proportion of infants with IF had one or more BSI at the time of diagnosis compared with infants with surgical NEC (51% vs. 33%, p=0.01) and medical NEC (51% vs. 21%, p<0.001), as well as after diagnosis (IF 66% vs. surgical NEC 45%, p=0.01; vs. medical NEC 24%, p<0.001). Although trends were generally similar among the 313 infants with birth weight 1001-1500 grams, there were no statistically significant differences in the percent of infants with at least one BSI between those with IF and with surgical NEC (at the time of diagnosis: 32% vs. 35%, p=0.8; after diagnosis: 48% vs. 33%, p=0.2). However, the proportion of infants weighing 1001-1500 grams at birth who had an infection was higher in those with IF compared with medical NEC around the time of NEC diagnosis (32% vs. 18%, p=0.08) and after NEC diagnosis (48% vs. 16%, p<0.001).
Pathogens: Infants with IF and/or NEC
Gram positive pathogens were most frequently identified around the time of and after diagnosis in all three groups, with CoNS being the most frequently isolated pathogen (Table  II) . Klebsiella was the most common gram negative pathogen identified (10% of infections among infants with IF and surgical NEC, 3% of infections among infants with medical NEC). The proportion of infants who had at least one gram negative infection was similar among those with IF (39%) and surgical NEC (36%), but higher in these groups than among infants with medical NEC (23%), p=0.02. There was no difference in the proportion of infants with at least one fungal infection, primarily candida, among those with IF (13%), surgical NEC (18%), and medical NEC (12%), p=0.35. More than half of the mixed infections in each group involved E. coli and/or Klebsiella.
Outcomes by infection status and pathogen type after diagnosis: Infants with IF
Infants with IF who had an infection after diagnosis of NEC tended to have lower gestational age at birth than those with no infections (median weeks, ≥ 2 infections: 25.5; 1 infection: 26; 0 infections: 27; p=0.07). Those with 2 or more infections were also in the hospital longer than infants who had only 1 infection or were uninfected (median days: 260, 188, 172, respectively, p=0.06) ( Table III) . The duration of PN was also associated with the number of infections.
Infants with IF and no infections after NEC diagnosis received PN for a median 90 days, and those with 1 infection after diagnosis and with 2 or more infections received PN for 112 and 115 days, respectively (p=0.003). Enteral feeds were initiated somewhat later among infants with 2 or more infections (interquartile range: 3-22 days). The proportion of infants who achieved full feeds during the hospitalization was highest among infants with IF who had no infections after diagnosis (87%) compared with those with 1 (67%) and 2 or more infections (50%), p=0.03. Among the 63 infants with IF who survived to discharge, the percent who achieved full feeds was higher for those with no infection (84%) than with 1 (68%) or ≥ 2 infections (70%) but differences were no longer statistically significant, p=0.4.
Among the 53 infants with IF who weighed ≤1000 grams at birth, 12 (23%) died before discharge and 5 of the remaining 41 infants (12%) died after discharge. All 36 infants still alive at 18-22 months corrected age completed the follow-up visit. Among these survivors, the proportion of infants with weight <10 th percentile at 18-22 months corrected age increased across infection groups (0 infections: 43%, 1 infection: 60%, 2+ infections: 71%) (Table III) , although differences were not statistically significant (p=0.5).
The majority of children with IF who had at least one infection >7 days after NEC diagnosis (n=47) had CoNS (14 had 1 episode involving CoNS, 2 infants had 2 episodes, 1 infant had 3 episodes) or other gram positive pathogens (9 infants had 1 episode, 2 infants had 2 episodes, 1 had 3 episodes) identified. Among the 35 children who weighed ≤ 1000 grams at birth, 13 (37%) died before 18-22 months corrected age. No statistically significant differences on weight or other growth parameters at 18-22 months were detected by pathogen group among this small subset of 22 survivors.
Discussion
Intestinal failure and SBS are associated with significant morbidity and mortality in children [2, 12] . The cost of managing these children is very high, especially in the first year of life because of the length of hospitalization and multiple readmissions associated with complications [4] . Single center studies have reported BSI as a very common complication of SBS [1, 13] . Although infections are relatively common, the distribution of the pathogens identified on blood culture of VLBW infants with IF is not well described. Identification of common pathogens is important because it will assist clinicians in providing appropriate empiric therapy to these patients while waiting for identification and antibiotic sensitivities. We examined relationships between recurrent late-onset BSI and duration of PN, time to achieve full feeds and length of hospitalization.
Understanding the epidemiology of BSI in this population of infants is important because recurrent BSI has been identified as a contributor to poor outcome [1] . In this study, we found that a larger proportion of VLBW infants who subsequently developed IF had at least one BSI around the time of NEC diagnosis (± 7 days) compared with VLBW infants with medical NEC. Neonates who are very ill with significant bowel necrosis and associated BSI may subsequently develop IF after surgical resection. BSI was also more common after diagnosis of NEC (> 7 days) in VLBW infants who develop IF (60%) compared with VLBW infants with surgical NEC without IF (42%) and medical NEC (20%). The incidence of new BSI was also significantly higher > 30 days after the diagnosis of NEC in infants with IF compared with infants in the other two groups. Increased rates of infection among infants with IF could be partially due to prolonged hospitalization and the continued presence of central lines needed for PN. This finding is similar to that previously reported for children in intensive care units in which the risk for developing a central line associated BSI increased with the duration of central line access and PN [14] . Increased intestinal permeability which develops in infants due to the lack of or inadequate enteral nutrition stimulation could also increase risk for BSI in these infants > 30 days after diagnosis [15] .
The pathogen distribution among infected infants in this study is similar to that previously reported in other studies among neonatal intensive care patients [16] [17] [18] . Gram positive organisms were most frequently identified in all 3 groups with CoNS the single most frequently isolated pathogen [16] [17] [18] . The predominance of CoNS in these patients may be due to either skin colonization/contamination or intestinal permeability associated with prolonged use of intravascular devices and PN (13, 19) . Although not considered an enteric bacteria, CoNS has been shown to colonize the gastrointestinal tract of neonates in western countries during the first month of life and as early as the 3 rd day of life [19, 20] . In these studies, it is the predominant intestinal bacteria identified initially in fecal samples from preterm infants and decreases as the intestinal microbiome diversifies [19, 20] . Understanding changes in intestinal microbiota of children with IF and the potential role of these changes in development of BSI is extremely important and will have a significant role in examining the origin of bacteria cultured from the blood stream of these patients. Klebsiella was the most frequently isolated Gram negative pathogen among infants with IF and surgical NEC without IF, and E. coli was the most frequent Gram negative bacteria isolated among patients with medical NEC. Infection with these gram negative enteric pathogens is also considered to be due to increased intestinal permeability [12, 13] .
Infants with IF who had 2 or more BSI had a longer duration of PN, and later initiation of enteral feeds compared with those who remained uninfected or had only 1 infection reported. This could be due to the extent of the initial injury experienced by these infants as the sicker children had need for prolonged PN/prolonged catheter days. The dependence on PN for survival puts these infants at greater risk for recurrent BSI and prolonged hospitalization. Meticulous central line care during hospitalization, including compliance with infection control guidelines, would reduce BSI in these children [21, 22] . The high mortality rate among infants with surgical NEC in the NRN has been previously evaluated and is likely due to the inclusion of neonates with NEC Totalis and abdominal drains in that group [2] .
High quality research on the preferred type of enteral nutrition for children post resection for NEC is limited [23] . However, early initiation of feeds has been identified as a significant factor for reducing PN duration [23, 24] . Although the data is limited, breast milk as the initial enteral feed should be considered in these children as its use is associated with shorter duration of PN dependence in neonates with SBS [23] [24] [25] . Unfortunately, the potential effect of breast milk on decreasing the duration of PN could not be evaluated in this study as the NRN registry did not include information on breast feeding.
Other limitations of this study are that this is a secondary analysis of prospectively collected data from the NRN registry. As a result variables such as site of infected line, type of line (central vs. peripheral) and the presence of ostomies, that are of interest for evaluating the impact of BSI in infants with IF were not included in the data collected during the duration of the study. The absence of statistically significant differences in growth outcomes (weight, length and head circumference) when examined by number of BSI is likely due to the small numbers of children in this cohort. In spite of these limitations, this study has significant strengths.
Recurrent BSIs were common in hospitalized infants with IF, and gram positive organisms, especially CoNS, were the most common infecting pathogens. The strengths of this study include the large sample size, the participation of multiple geographically and ethnically diverse clinical centers, and the ability to compare infants with IF with other infants of similar GA and BW who were diagnosed with NEC treated medically or surgically without the development of IF. However, the number of infants in each pathogen group was too small to allow us to evaluate the association of pathogen type with outcome. Interventional trials are needed to evaluate the effect of specific therapeutic interventions aimed at reducing BSI in infants with IF. Interventions (including evaluating the effect of specific types of enteral nutrition and trophic agents) are also needed to reduce time needed to achieve full enteral feeds and thus decrease duration of PN, with the ultimate aim of optimizing anthropometric growth and cognitive development.
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Any infection >30 days after diagnosis 39 ( 52) 81 ( 32) ** 29 ( 10) *** a "At the time of diagnosis" is defined as ± 7 days around the diagnosis date b "After the diagnosis" is defined as >7 days after the diagnosis c 204 infants reached final status within 7 days of diagnosis and were not included in the "after" period (surgical NEC: 160 died; medical NEC: 43 died, 1 was discharged to home). PDA=patent ductus arteriosus; RDS=respiratory distress syndrome; BPD=bronchopulmonary dysplasia; ROP=retinopathy of prematurity.
1/ Diagnosis date for most infants was the date of NEC diagnosis (see Methods for details). The "after diagnosis" period was defined as >7 days after the diagnosis date.
2/ p=0.06 for a difference between the groups by the log rank test.
3/ Three infants who died before 36 weeks post-menstrual age could not be evaluated for BPD.
* p ≤ 0.05, ** p ≤ 0.01 for a difference between the groups by the Kruskal-Wallis test (continuous variables) or Fisher's exact test (categorical variables).
